The Epstein-Barr virus (EBV)-encoded, nuclear matrixassociated EBNA-5 protein is preferentially localized within distinct nuclear blobs in EBV-immortalized lymphoblastoid cell lines. We have previously found that the same blobs also contain retinoblastoma (Rb) protein.
Introduction
EBNA-5 is one of the six EpsteimBarr virus (EBV)-encoded nuclear proteins expressed in virally transformed B blasts. Furthermore it is one of the earliest viral gene products detectable after B cell infection. Genetic complementation studies have indicated that EBNA-5 is necessary for the B cell-immortalizing function of the virus (Mannick et al., 1991) . Together with EBNA-2 it can drive resting human B lymphocytes into the cell cycle (Sinclair et al., 1994) .
EBNA-5 shows a peculiar intranuclear distribution. Unlike the other EBNA proteins, which show finely granular nucleoplasmic staining, it is mainly concentrated into 4-10 distinct nuclear blobs (Finke et al., 1987) . We have previously found that an immunochemically distinct fraction of the retinoblastoma (Rb) protein shows the same nuclear localization. Two-colour immunofluorescence and overlap analysis has confirmed that both proteins are present in the same nuclear blobs (Jiang et al., 1991 a) . We have also found that EBNA-5 can form molecular complexes with Rb and p53 proteins in vitro (Szekely et al., 1993) . * Author for correspondence. Fax +46 8 32 78 75. e-mail iassze@ki.se
We now report that the hsp70 protein is present in the same blobs as EBNA-5. Moreover, while examining the intranuclear distribution of EBNA-5 under various physiological conditions, we have accidentally discovered that under stress conditions both hsp70 and EBNA-5 translocated to the nucleolus.
Methods
Cell cultures and transfections. All cells were grown in Iscove's medium, supplemented with 10 % fetal calf serum at 37 °C in 5 % CQ. The cells were transfected with a retrovirus-based expression plasmid pBABE-puro into which we inserted the full-length coding region of EBNA-5 cDNA from the B95-8 strain of EBV. The cells were electroporated with a Bio Rad Gene Pulser in a volume of 800 gl PBS with 10 tag linearized plasmid at 250 V, 960 laF for 12 ms. The selection was carried out in 1-5 gg/ml Puromycin-containing medium. Individual clones were isolated and tested for EBNA-5 expression by immunofluorescence staining and Western blotting.
Heat shock and cell density congestion. Logarithmically growing cells were exposed to 45 °C for 30~40 rain and allowed to recover by culturing at 37 °C for periods ranging from 30 min to 24 h. Cell density congestion was achieved by allowing cells to sediment in a conical centrifuge tube. A pellet was formed within 30 min.
Immunoflaorescent staining. Cells were centrifuged onto glass slides in a Cytospin centrifuge at 1000 r.p.m, for 5 rain and fixed with methanol: acetone (1 : 1). The slides were rehydrated in PBS for 30 min, washed in balanced salt solution and incubated with antibodies diluted in a bIocking buffer (2% BSA, 0-2% Tween 20, 5% glycerol, 0-02% 0001-3219 © 1995 SGM sodium azide in PBS).The slides were washed five times in PBS after the individual incubation steps (regularly 30~60 rain at room temperature). The antibodies and fluorochrome conjugates that were used in this study are summarized in Table 1 .
For double immunofluorescence staining the following scheme was used: first primary antibody, fluorochrome A-conjugated secondary antibody, normal serum (non-immune serum from the same species as the first primary antibody), second primary antibody (different species or biotinylated MAb), fluorochrome B-conjugated secondary antibody or Streptavidin.
The preparation of human anti-EBNA-1, -3 and -6 MAbs and the staining by anticomplement immunofluorescence reaction was done as described previously (Jiang et al., 1991 b) . As controls the primary antibodies were replaced by isotype-identical irrelevant antibodies. The secondary antibodies were tested for possible cross reactions and single-stained controls were included to exclude the possibility of irrelevant optical signals. The slides were mounted with balanced salt solution: glycerol (1 : 1) containing 2.5 % anti-fading agent 1,4-diazabicyclo-[2.2.2Joctane (Sigma).
Fluorescence digital imaging microscopy. The immunofluorescence preparations were examined by a CCD-based fluorescence digital imaging microscope. The specification of the system has been described previously (Sj6berg et al., 1994) . In this study, a Zeiss Plan-Neofluar 100x/NA 1'3 oil immersion lens was used. The CCD pixel size corresponds to 67 nm without bimfing or 133 nm with binning factor 2 x 2 in the specimen plane. The binning was only used in recording the large images (multiple cells). The three-dimensional data sets were collected as a series of optical sections separated by 0-2 pm along the optical section axis.
For two-colour-stained cells, two series of optical sections were recorded at two wavelengths, one corresponding to rhodamine and the other to ftuorescein. The two image stacks were translationally aligned in the x, y and z axes and were then subjected to an iterative, constrained image restoration algorithm (Carrington & Fogarty, 1987; Fay et al., 1989 ) that removes the out-of-focus signal.
CELLscan software (Scanalytics) was used for both image processing and visualization. Dual-wavelength three-dimensional data were displayed as volume-rendered images using the Multicolor Moviemaker program. The red and green display colours represent rhodamine and fluorescein respectively. The white or grey display colour represents the overlap between red and green. The stereo pair of projection images was constructed by generating two different projections differing by 15 ° .
Cell fractionation. Cells (lxl07) were embedded into 300gl diacetamous earth matrix (acid washed; Sigma) and sequentially eluted by centrifuging 200 gl of elution fluids through the matrix. The following solutions were used: 10 mM-Tris--HC1 pH 7.6, 1 mM-EDTA and 5 mM-2-mercaptoethanol (TE), with one of the following additives: 1% Triton X-100, 66 U calf intestinal alkaline phosphatase, 10 gg RNase A, 10 gg DNase with 20 mM-MgC12, 1 M-NaCI, 1 M-urea, 8 Murea or 2 % SDS. Then, 30 gl from each fraction were run on a Western blot with MAb JF186 as described (Szekely et al., 1993) , or used for neutral silver staining to detect the total protein content.
Results

EBNA-5-positive nuclear blobs contain the heat shock protein hsp 70
Antibody, reacting with the two closely related heat shock proteins hsp72 and 73 (further referred to as hsp70), stains a small number of nuclear foci in growing IB4 lymphoblastoid cell line cultures. Double immunofluorescence staining using biotin-conjugated anti-EBNA-5 antibody and MAb HSP01 revealed a complete co-localization between EBNA-5 and hsp70 (Fig. 1A, B) . The co-localization of these two proteins was not restricted to B cells. We transfected the human colon carcinoma cell line SW480 with an EBNA-5-expressing vector driven by a Moloney murine leukaemia virus LTR (SW480-E5). In most of the transfected cells EBNA-5 was diffusely distributed over the whole nucleoplasm. However, it was also present in distinct, brilliant nuclear foci in a small (20%) fraction of the cells. These structures were also positive for hsp70 (Fig. 1C, D ), although the overall hsp70 level was very low in nonstressed cells.
Heat shock induces nucleolar translocation of EBNA-5
Members of the heat shock protein family frequently translocate to new intracellular sites upon thermal shock (Liu et al., 1992) or metabolic distress (Beckmann et al., 1992) . Some of them (hsp72, hsp73, hsp40) have been found to move to the nucleolus In the view of the co-localization of EBNA-5 and hsp70 in nuclear foci, we have examined the distribution of both proteins after thermal shock. Heating of SW480-E5 and IB4 ceils to 45 °C for 30 rain led to the rapid appearance of both EBNA-5 and hsp70 antigens in nucleoli and the disappearance of these antigens from the nuclear blobs. The nucleoli were identified by phase contrast or Nomarski differential interference contrast microscopy ( Fig. 2) , or by staining with the nucleolusspecific human autoantibody P1 or rabbit polyclonal anti-RNA polymerase I antibody. Both of these markers are known to be localized to the nucleolus. Double immunostaining for EBNA-5 and R N A polymerase I in non-heat shocked ceils confirmed that the original (Fig. 3) .
Kinetics of the nucleolar translocation
The heat shock effect was fully reversible. Cells that showed nucleolar staining of EBNA-5 30 min, 1, 2 and 3 h after heat shock returned to the original staining pattern of untreated cells 6 h later (Fig. 4) . Hsp70 staining increased progressively after heat shock. It was localized to the nucleolus only during the first hours. By 6 h after the heat shock, when E B N A -5 staining disappeared from the nucleolus, hsp70 could not be detected there either, although it was present both in the nucleus and the cytoplasm.
Metabolic distress by cell density congestion induces nucleolar translocation of EBNA-5 and hspTO
Cell density congestion was induced by pelleting the cells at normal gravity in a conical centrifuge tube. The cells sedimented to the bottom within 30 rain. Keeping them in the pellet for 5-12 h at 37 °C induced the translocation of EBNA-5 into the nucleoli (Fig. 5) . The densitycongested cells still showed > 95 % viability by trypan blue exclusion. No signs of cell death were seen until 12 h. Beyond this time point the cells showed pyknotic condensation of the chromatin and cytoplasmic blebbing. Nucleolar translocation was reversible. When the cells were returned to normal density by dispersion in a tissue culture flask at l0 G cells/ml the original staining pattern was re-established within 24 h. We have also found that congestion conditions greatly increased hsp70 staining; it was largely confined to the nucleoli and was equally as reversible as the change in the EBNA-5 staining pattern. Double immunostaining showed that all hsp70-positive nucleoli were EBNA-5-positive and vice versa.
High resolution three-dimensional reconstruction of subnucleolar structures from serial optical sections of nucleoli from density congested SW480-E5 cells, doubly stained for P1 nucleolar antigen and EBNA-5, showed that EBNA-5 was mainly localized to filamentous structures inside the nucleolus whereas the P1 antigen was predominantly at the nucleolar periphery (Fig. 6) .
Nucleolar translocation of EBNA-5 is' not cell-type-or species-specific
EBNA-5 was transfected into the following cell lines: human colon carcinoma SW480, breast carcinoma MCF7, Rb line WERI-Rb27, rat myoblast line L6 and the J3D line ofmurine T cell lymphoma. The protein was expressed at relatively high levels and showed homogeneous nuclear staining in most of the cells. Only a small fraction of the cells contained nuclear blobs. Similar to the situation with IB4 lymphoblastoid cells, heat shock and cell density congestion caused nucleolar translocation of EBNA-5.
Stress response does not affect other nuclear proteins
We have also examined the additional nuclear protein antigens Rb protein, proliferating cell nuclear antigen (PCNA), snRNP and cyclin E for their behaviour in cells exposed to heat shock or to congestion. None of these proteins translocated to the nucleolus, as judged by single immunofluorescence staining of stressed IB4 or SW480 cells. Double immunoftuorescence staining with biotinylated anti-EBNA-5 MAb showed that upon stress EBNA-5 moved to the nucleolus while the others retained their original nuclear distribution. The virusencoded EBNA-1, -2, -3 and -6 also remained in their original location after heat shock.
The morphologically distinct fraction of Rb protein, recognized by the anti-Rb MAb aRB1C1, that colocalizes with EBNA-5 under ordinary growth conditions disappeared from the nuclear blobs both in cells subjected to heat shock and in cells exposed to density congestion. The homogeneous staining pattern of Rb detected by MAb pMG3-245 was not affected. 
EBNA-5 remains tightly associated with the nuclear matrix after nucleolar translocation
SW480-E5 cells were fractionated in order to analyse the binding of EBNA-5 to different nuclear structures. To examine several protein fractions extracted from the same cells, the cells were mixed with chemically inert diacetamous earth matrix and loaded into minicolumns that were attached to microcentrifuge tubes. Sequential elution was performed by loading the columns with a series of different solutions in a volume equal to the double void volume. The fractions were collected by briefly spinning the columns in a microcentrifuge. Mild hypotonic solutions with or without non-ionic detergents released approximately 10% of the total EBNA-5. Further elution attempts with solutions containing DNase, RNase, alkaline phosphatase, 1 M-NaC1, 1 murea or even 8 m-urea did not liberate any additional EBNA-5, although each of these solutions eluted a distinct set of proteins. The major part of EBNA-5 was only eluted with 2 % hot SDS solution, suggesting that EBNA-5 is strongly associated with the nuclear matrix. The elution characteristics did not change after nucleolar translocation was induced in 90% of the cells by incubation at congestion density (Fig. 7) . These findings indicate that in stressed cells EBNA-5 was tightly bound to the nucleolar matrix.
Discussion
Environmental stress imposed by a variety of agents is known to induce a similar set of changes in cell metabolism and gene expression. They have been collectively designated as the heat shock response. A characteristic feature of this response is the increased synthesis of heat shock proteins. Several members of this protein family are constitutively expressed and play an important role in the folding and proper intracellular migration of freshly synthesized polypeptides (Frydman et al., 1994; Beckmann et al., 1990) . The synthesis of other members is induced de novo as a result of stress. Heat shock proteins act as ATP-dependent molecular chaperons (Elis & van der Vies, 1991) . The intranuclear distribution of heat shock proteins frequently changes after stress. Hsp72, 73 and 40 are known to translocate to the nucleus and accumulate in the nucleolus within minutes after shock (Hayashi et al., 1991 ; Brown et al., 1993; Hattori et al., 1993) . Nucleolar proteins frequently shuttle between cytoplasm, nucleus and nucleolus. Very little is known about the physiological function of this shuttling or the molecular mechanism controlling it. In a few proteins it has been possible to identify targeting signals for specific subnuclear compartments. Some of the shuttling proteins transport other proteins between different cellular compartments (Xue et al., 1993) . Nucleolin and B23, the most studied examples, do not contain short, autonomous, nucleolus-specific targeting signals. Mutagenesis experiments have shown that intact nuclear translocation signal, RNA-binding regions and the N-terminal domain are all required for nucleolar translocation and retention of nucleolin and B23 (Creancier et al., 1993; SchimdtZachmann & Nigg, 1993) . The human T cell lymphotropic virus type I Rex protein, a well characterized nucleolar protein of viral origin, uses a highly basic targeting signal to translocate to the nucleolus. This peptide specifically binds to an acidic domain of the nucleolar shuttle protein B23 (Adachi et al., 1993) . The functionally similar Rev proteins use an analogous strategy (Fankhauser et al., 1991) .
As far as we are aware, EBNA-5 is the first virally encoded protein that is found to translocate to the nucleolus upon environmental shock. Computer analysis of its sequence did not reveal any known motifs that could account for the nucleolar translocation. EBNA-5 consists of a variable number of 66 amino acid repeat elements and a unique 45 amino acid terminal region. Its nuclear translocation signal has not yet been identified. The repeat elements harbour a short stretch of an arginine-rich sequence that is similar to the identified nuclear translocation signal of Semliki forest virus nsp2 protein (Rikkonen et al., 1992) .
The co-localization of EBNA-5 with the constitutively expressed component hsp70 in nuclear blobs and the similar and reversible translocation of the two proteins to the nucleolus upon thermal shock or metabolic distress raises the possibility that the two proteins might move as a protein complex. Hsp70 could act as the transport protein, shuttling between the nucleoplasm/ cytoplasm and the nucleolus. EBNA-5 may move along in a similar way as Rex moves with B23.
The co-localization of EBNA-5 and Rb in nuclear blobs and their capacity to form complexes in vitro suggests that they also bind to each other within the nuclear blobs. EBNA-5 disappears from the nuclear blobs under stress conditions and Rb dissociates from them as well. But whereas EBNA-5 accumulates in the nucleolus, Rb does not. This suggests that the EBNA-5-Rb complex, if it exists in vivo, must dissociate after thermal stress. The EBNA-5 Rb complex would thus only play a functional role in cells proliferating under normal growth conditions. 
